We report a comprehensive experimental investigation on the magnetic anisotropy in bulk single crystals of Cr2Ge2Te6, a quasi-two-dimensional ferromagnet belonging to the family of magnetic layered transition metal trichalcogenides that have attracted recently a big deal of interest with regard to the fundamental and applied aspects of two-dimensional magnetism. For this purpose electron spin resonance (ESR) and ferromagnetic resonance (FMR) measurements have been carried out over a wide frequency and temperature range. A gradual change in the angular dependence of the ESR linewidth at temperatures above the ferromagnetic transition temperature Tc reveals the development of two-dimensional spin correlations in the vicinity of Tc thereby proving the intrinsically low-dimensional character of spin dynamics in Cr2Ge2Te6. Angular and frequency dependent measurements in the ferromagnetic phase clearly show an easy-axis type anisotropy of this compound. Furthermore, these experiments are compared with simulations based on a phenomenological approach, which takes into account results of static magnetization measurements as well as high temperature g factors obtained from ESR spectroscopy in the paramagnetic phase. As a result the determined magnetocrystalline anisotropy energy density (MAE) KU is (0.48 ± 0.02) × 10 6 erg/cm 3 . This analysis is complemented by density functional calculations which yield the experimental MAE value for a particular value of the electronic correlation strength U . The analysis of the electronic structure reveals that the low-lying conduction band carries almost completely spin-polarized, quasihomogeneous, two-dimensional states.
I. INTRODUCTION
Layered van der Waals crystals constitute a large class of materials which is intensively studied in the field of current solid state research [1, 2] . Weak couplings between individual layers render these quasi-twodimensional compounds optimal as a starting point for fabrication of two-dimensional (2D) atomic crystals [3] which show a plethora of electronic properties and, consequently, a high potential for technical applications (see, e.g., Refs. [1, 2, 4] and references therein). Recently, some members of the family of layered transition metal trichalcogenides (TMTC) came into focus of research due to their peculiar magnetic properties in combination with semiconducting or insulating behavior [5] [6] [7] [8] [9] [10] . In particular, TMTC are currently considered as promising materials for future technological applications but also offer an extensive materials base for exploring fundamental magnetic properties of strongly correlated 2D electron systems. Cr 2 Ge 2 Te 6 belongs to this class of materials and it was first synthesized by V. Carteaux et al. [11] . The carriers of magnetism in this material are Cr 3+ ions with spin S = 3/2 which are octahedrally coordinated by Te ligands and form a 2D honeycomb-like magnetic lattice in the ab plane. In the bulk crystal individual magnetic * These authors contributed equally to this work. layers stack along the crystallographic c axis and are only weakly coupled by van der Waals forces. By virtue of intrinsic magnetic two-dimensionality Cr 2 Ge 2 Te 6 has been proposed, e.g., as magnetic substrate for nanoelectronic devices [12] or as a candidate for next generation memory devices [13] . From the fundamental point of view the observation of intrinsic ferromagnetism in atomically thin films of Cr 2 Ge 2 Te 6 is intriguing [14] . Such phenomenon was also observed in single layers of the related materials CrI 3 [15] , and VSe 2 [16] .
Motivated by the above-mentioned aspects, Cr 2 Ge 2 Te 6 received considerable attention both experimentally [11, [17] [18] [19] [20] [21] [22] [23] and theoretically [5, 24] during the last years. Aiming at a detailed understanding of the magnetic properties of this material, in bulk as well as in monolayer form, a quantitative characterization of the magnetic anisotropies represents a key task. Regarding the latter, first insights were recently obtained by X. Zhang et al. [17] for the case of bulk samples by studying ferromagnetic resonance (FMR) at frequencies below 20 GHz as a function of temperature with external magnetic field applied in the ab plane. In the present work we report a comprehensive investigation of the magnetic anisotropy of bulk Cr 2 Ge 2 Te 6 single crystals by means of electron spin resonance (ESR) spectroscopy over a wide frequency and temperature range for several field orientations which allows a refined quantitative analysis of the magnetocrystalline anisotropy energy density (MAE). Furthermore, we compare experimentally obtained MAE with our results from density functional (DF) calculations and find a good agreement for a particular strength of electronic correlations U . In addition, the two-dimensionality of spin dynamics in Cr 2 Ge 2 Te 6 in the vicinity of the ferromagnetic transition temperature T c is proven by angular dependent measurements of the ESR linewidth at various temperatures.
Previous theoretical [24, 25] and experimental [25] work suggests strong spin polarization of the electronic states of Cr 2 Ge 2 Te 6 at the valence band maximum (VBM) and the conduction band minimum (CBM). Since these investigations propose different relative polarizations at VBM and CBM, we use the obtained electronic structure results for a further analysis.
The paper is organized as follows. Details of synthesis and characterization of the samples as well as further experimental and calculation details are provided in Sec. II. Experimental and theoretical findings are presented and discussed in Sec. III. Main conclusions of this study are drawn in Sec. IV. Appendices A and B contain additional information on the samples used for the measurements and further results obtained from low-frequency FMR, respectively.
II. SAMPLES AND METHODS
Single crystals of Cr 2 Ge 2 Te 6 were grown by using the self flux technique described by X. Zhang et al. [17] . A mixture of chromium granules (4N, MaTeck), germanium chips (5N, Sigma Aldrich) and tellurium lumps (5N, Alfa Aesar) with molar ratios of Cr : Ge:Te = 10 : 13 : 77 were taken in an alumina crucible which was then sealed in a quartz ampule under a partial atmosphere of Ar (approx. 300 mbar). Then, the quartz ampule was placed upright in a Muffel furnace (Nabertherm) and heated to 1000
• C for 24 h followed by cooling with a rate of 2
• C/h to 450 • C. At this temperature excessive melt was centrifuged. Shiny, plate-like crystals of up to 11 mm × 10 mm × 0.2 mm were obtained.
Crystals were characterized by powder X-ray diffraction (PXRD) and energy dispersive X-ray spectroscopy (EDX). EDX was performed at an accelerating voltage of 30 kV using a ZEISS EVO MA 10 scanning electron microscope (SEM) with an energy dispersive X-ray analyzer. A mean elemental composition of Cr : Ge : Te = (20.9 ±0.2) % : (20.4 ±0.2) % : (58.7 ±0.1) % was obtained by EDX. This is in good agreement with the expected elemental composition of Cr : Ge : Te = 20 % : 20 % : 60 % assuming a general uncertainty of the method of approximately ±2% for each element. In the range of this uncertainty, the low standard deviation of the chemical composition over all measured spots indicates a homogeneous elemental distribution.
PXRD was performed on pulverized crystals on a STOE STADI laboratory diffractometer in transmission geometry with Cu K α1 radiation from a curved Ge(111) single crystal monochromator and detected by a 6
• -linear position sensitive detector manufactured by STOE & Cie. Rietveld analysis was carried out on the measured X-ray pattern using the Jana2006 software package [26] , the diffraction pattern with the fitted model is shown in Fig. 1 . Structural parameters and corresponding R-values are summarized in Table II in Appendix A. These results are in good agreement with literature [11, 27] .
DC magnetization was measured as a function of temperature and magnetic field using a vibrational sample quantum interference device magnetometer (SQUID-VSM) from Quantum Design. All measurements were carried out with a vibrational amplitude of 2 mm. The values obtained for magnetic moments were corrected due to deviation of the measured sample shape and size from a point dipole. This correction follows the procedure described in Ref. [28] and further details are presented in Appendix A. For temperature dependent measurements, the sample was demagnetized at 300 K by applying an external field of 7 T and reducing it to zero while periodically switching the polarity of the field. After that the sample was zero field cooled (ZFC) down to 1.8 K. The measurement itself was performed upon warming from 1.8 K to 300 K with an external applied field of 0.35 T or 3 T, respectively. For field sweep experiments the sample was demagnetized as described above and cooled to the desired temperature of 4 K or 7 K, respectively. During the measurement the field was ramped from zero to 7 T to obtain a virgin magnetization curve, followed by a measurement of the full hysteresis curve by cycling the field from 7 T to -7 T and back.
ESR and FMR experiments were performed using , magnetic field (0 -16 T), and temperature (1.8 -300 K) range. All HF-ESR measurements were performed in transmission mode using a Faraday configuration. Resonance fields were determined from the position of the minimum in the transmission. In addition, a cantilever-based torque detected ESR setup was employed. In this setup magnetic fields up to 10 T and temperatures between 7 and 300 K are provided by a magneto-optical cryostat (Oxford Instruments). Microwaves with frequencies of ∼ 63 GHz and ∼ 125 GHz are generated by an amplifier/multiplier chain (AMC from Virginia Diodes Inc.) and are focused on the sample by means of the microwave optics. The sample is placed on the tip of a piezoresistive cantilever (see Appendix A), whose vibration amplitude and frequency changes are used to detect the FMR signal. Furthermore, a standard X-band ESR-spectrometer (EMX from Bruker) operating at a microwave frequency of 9.6 GHz and providing magnetic fields up to 0.9 T was used. It is equipped with a He-gas flow cryostat (Oxford Instruments) and a goniometer allowing temperature and angular dependent measurements between 4 and 300 K.
The DF calculations were carried out with the allelectron full-potential local-orbital (FPLO) code [29, 30] , version 18.00, using the standard generalizedgradient approximation (GGA) in the parameterization of Perdew, Burke, and Ernzerhof (PBE-96) [31] . The GGA+U functional with atomic-limit (AL) doublecounting corrections [32] was applied to the Cr-3d orbitals in a part of the calculations. The AL flavor of double-counting is in general to be preferred against the around-mean-field version since it fulfills Hund's first rule [33] . The values of U were varied in the range from 0.5 eV to 4.0 eV, while the related exchange parameter J was fixed to 0.6 eV. All k-space integrations were carried out with the linear tetrahedron method and 12 × 12 × 12 subdivisions in the full Brillouin zone.
The densities of states were evaluated with a refined mesh of 24 × 24 × 24 subdivisions. The experimental space group R3 (no. 148) and lattice parameters as obtained in the present experiments were used for all calculations. Starting from the experimentally determined values, the atomic positions were optimized by scalarrelativistic GGA or GGA+U calculations for each value of U until all residual forces were smaller than 1 meV/Å. Atomic positions as obtained from PXRD and two of the DF calculations are compared in Table I . As can be seen from this table, the refined calculated atomic positions agree with their experimental counterparts except for the Te-y coordinates, which differ by 0.01. This difference could be caused by omitting spin-orbit coupling in the optimization. For the determination of magnetic anisotropy energy, self-consistent calculations using the optimized structure were carried out in full relativistic mode for both of the considered orientations of the magnetization, [001] (perpendicular to the quasi-2D plane) and [100] (arbitrarily chosen in the plane).
III. RESULTS AND DISCUSSION

A. Magnetization
Magnetization M measured as a function of external magnetic field H is shown in Fig. 2 . Measurements were conducted with magnetic field aligned parallel and perpendicular to the c axis at temperatures of 4 and 7 K, respectively. At both temperatures a similar behavior is found: While raising the field from zero, M (H) rapidly increases until the onset of saturation at fields H ions with S = 3/2 and a g-factor of 2.
The ferromagnetic transition temperature T c was determined from measurements of the temperaturedependent magnetization in an external field of 0.1 T ap- plied parallel to the c axis from which the static magnetic susceptibility χ was calculated (Fig. 3) . From the position of the minimum in the first derivative of the susceptibility ∂χ/∂T , a T c of (66 ± 1) K was obtained.
The uncertainty in T c is caused by a finite width of the minimum, see Fig. 3 . Our value of T c is consistent with the results of Ref. [11] where, depending on the method of determination, transition temperatures of 61 K and 65 K were found. Similar values were reported for T c in other recent studies on Cr 2 Ge 2 Te 6 [19, 20, 23] . The inverse susceptibility is shown as a function of temperature in the inset of Fig. 3 together with a linear fit according to the Curie-Weiss-law. This fit yields a CurieWeiss temperature Θ cw of (92 ± 1) K and an effective moment µ eff of (4.04 ± 0.01) µ B /Cr. The latter is consistent with the value 3.87 µ B /Cr theoretically expected for a spin-only system with a g-factor of 2. The deviation between T c and Θ cw is in agreement with previous studies [12, 19, 20] and can be attributed to the development of short-range correlations already above T c as will be discussed in Sec. III B.
Furthermore, results of temperature dependent measurements in different magnetic fields are presented in Fig. 4 for two orientations of the field with respect to the crystal axes. At an external field of 0.35 T, i.e., below the saturation field in the ab plane at low temperatures, an anisotropic behavior of the magnetization is found. For magnetic fields applied perpendicular to the c axis a maximum of the magnetization is observed around 40 K, whereas magnetization increases monotonously with decreasing temperature for H c. A similar difference between measurements with fields perpendicular and parallel to the easy direction was found in other Cr-based 2D honeycomb materials, for example CrCl 3 [34] and CrI 3 [35, 36] . This behavior might be caused either by antifer- romagnetic couplings between the ferromagnetic layers, a more complex ferromagnetic state in low magnetic fields or a temperature dependence of the magnetic anisotropy [34] [35] [36] . On the other hand, for a field of 3 T, which is larger than the low-temperature saturation fields for both orientations in Cr 2 Ge 2 Te 6 , an isotropic behavior was found with the onset of ferromagnetic (FM) correlations being shifted to higher temperatures as the external magnetic field enhances FM correlations.
B. ESR and FMR
The major distinction between ESR and FMR is that the former is the phenomenon of a resonant excitation of an ensemble of paramagnetic, possibly exchange coupled spins, whereas the latter is the resonance of the total magnetization of the ferromagnetically ordered sample. Since Cr 3+ (3d 3 , S = 3/2) ions in Cr 2 Ge 2 Te 6 have no orbital momentum in first order. Thus, their spectroscopic g factor is generally expected to be very close to the spin-only value of 2 and only slightly anisotropic due to the second-order spin-orbit coupling effects [37] and interactions with the heavier Te-ligands, see discussion in Sec. III D. Therefore, an ESR signal in the paramagnetic state of Cr 2 Ge 2 Te 6 has to be almost isotropic with respect to the orientation of the applied external field. In contrast, an FMR signal of Cr 2 Ge 2 Te 6 in the ordered state may be appreciably anisotropic due to the magnetic shape anisotropy of the non-spherical sample as well as due to the intrinsic magnetocrystalline anisotropy, which both affect the resonance behavior of the magnetization of the sample depending on the particular direction of the magnetic field [38] [39] [40] . This expectation has been in fact confirmed by measurements of the frequency dependence of the position of the resonance signals for H c and H ⊥ c field geometries at two selected temperatures of 120 K and 4 K, i.e., well above and well below the FM transition temperature T c ∼ 66 K, respectively (Fig. 5 ).
In the paramagnetic state above T c the resonance field H res shows a linear dependence on the microwave frequency ν, as expected for a paramagnetic resonance:
Here µ B denotes the Bohr magneton, µ 0 is the vacuum permeability, h is the Planck constant, and g is the (effective) g-factor of the resonating spins. Indeed, only a small anisotropy between the two field orientations was observed at 120 K and by fitting of Eq. (1) to the data shown in Fig. 5 (a) the g-factors g || = 2.040 ± 0.005 and g ⊥ = 2.023 ± 0.005 were obtained for field applied parallel and perpendicular to the c axis, respectively (the respective fits are plotted by solid lines in Fig. 5 (a) ).
As will be discussed in the following in more detail, our ESR study reveals the existence of short-range FM correlations already above T c . In low-dimensional spin systems this can give rise to a frequency-dependent shift of the resonance line [41] . Thus, the g-factors determined from Eq. (1) are, in fact, effective g-factors that contain both, the ionic g-factor of the magnetic ions and the additional contribution arising from low-dimensional spin correlations. At 4 K, the frequency dependence exhibits a pronounced anisotropy as well as an orientation-dependent non-zero intercept with the ordinate of the frequencyfield diagram, see Fig. 5 (b). Such a behavior is typical for FMR with magnetic fields applied parallel or perpendicular to the magnetic anisotropy axis [40] . Thus, the ν(H res ) dependence of the FMR signal measured over a wide frequency range from 10 to 330 GHz gives an additional proof for the identification of the c axis as the magnetic easy axis, in line with the static magnetization measurements and previous observations in Refs. [11, 14, 17] . Note that solid lines in Fig. 5 (b) represent the simulation results using a standard phenomenological theory of FMR, as will be discussed in detail in Sec. III C.
In order to gain detailed insights into the development of the magnetic anisotropy upon a transition from the high-temperature paramagnetic state into the low-temperature ferromagnetically ordered state, the shift δH(T ) of the resonance line from its paramagnetic resonance position was measured as a function of temperature at several selected excitation frequencies ν (Fig. 4) . We define the resonant shift as δH(T ) = H res (T ) − H res (120 K), where the reference resonance field H res (120 K) was calculated according to Eq. (1) using the g-factor values obtained from the frequency dependent measurements in the paramagnetic state at T = 120 K [ Fig. 5 (a) ].
As can be seen in Fig. 4 , at all measured frequencies the signal is shifted to lower fields (resulting in a negative shift) if the magnetic field is oriented along the c axis, which is the magnetic "easy" axis, while it is shifted to higher fields (corresponding to a positive shift) for magnetic field perpendicular to the c axis. Despite the qualitative similarity between measurements at different frequencies concerning the observed trends of the shift δH(T ), the measured δH(T ) ,⊥ dependences at distinct frequencies differ from each other regarding the details of the shape of the resulting δH(T ) curves. While the shift evolves rather smoothly for higher frequencies (open symbols in Fig. 4 (b) ), measurements at 9.6 GHz (open symbols in Fig. 4 (a) ) revealed a much abrupter change of δH(T ) below 80 K. A similar behavior was observed in the temperature dependent magnetization measurements M (T ) ,⊥ at 0.35 and 3 T (full symbols in Fig. 4) , respectively. Though in particular for strong fields where the M (H) dependence at T T c is saturated (Fig. 2) , the M (T ) and M (T ) ⊥ curves are rather symmetric in shape, as expected, the resonance shifts are not symmetric with respect to the abscissa as the functional form of the resonance condition in the ferromagnetic case depends on the orientation of external field relative to the magnetic anisotropy axis [38, 40] .
It is worthwhile mentioning that the resonance lines are shifted from the paramagnetic position already below 100 K, i.e. above T c . In a classical ferromagnet, a temperature-dependent resonance shift is caused by internal magnetic fields resulting from an increasingly static net magnetization which, in turn, arises from FM couplings between the spins below the ordering temperature, see, e.g., Ref. [39] . The fact that the δH(T ) dependence sets in at higher temperatures suggests that the FM correlations in Cr 2 Ge 2 Te 6 on the typical ESR timescale of the order of ν −1 ∼ 10 ps develop at temperatures significantly exceeding the T c . Such a behavior is reminiscent of one-dimensional spin systems where shifts of the resonance positions have been investigated experimentally and theoretically [41] [42] [43] [44] [45] and were attributed to the reduced dimensionality as well as anisotropic magnetic interactions. Consequently, an effective reduction of the dimensionality in the spin system could be the origin of the observed temperature-dependent resonance shift. Indeed, clear-cut evidence for the two-dimensional character of the spin correlations in Cr 2 Ge 2 Te 6 is obtained from measurements of the angular dependence of the linewidth ∆H(α). Fig. 6 shows the angular dependent linewidth at three different temperatures together with fits to the data (solid red lines) as detailed in the following. At room temperature, upper panel in Fig. 6 , ∆H(α) reveals a (cos 2 (α) + 1)-dependence with α being the angle between external magnetic field and the ab plane. This kind of angular dependence is typical for spin systems in an uncorrelated, i.e. paramagnetic, phase in which no significant interactions between the spins exist in any direction and, as a consequence, the reduced dimensionality does not affect the spin dynamics reflected in ∆H(α) [46, 47] . Upon lowering the temperature, spin correlations start to grow, leading to a gradual change of the angular dependence. At 100 K, center panel in Fig. 6 , a slight deformation of the (cos 2 (α) + 1)-dependence is visible around H c which can be described by a small additional contribution to ∆H(α) of the form (3 cos 2 (π/2 − α) − 1) 2 . Finally, at 70 K, lower panel in Fig. 6 , the angular dependence of the linewidth reveals a pure (3 cos without (cos 2 (α) + 1)-contribution. Note, that the maximal linewidth occurs for the external field oriented perpendicular to the ab plane, which requires in our definition of the rotation angle a shift of α by 90
• in the argument of the trigonometric function. Such an angular dependence is typical for two-dimensional systems and is caused by the increasing dominance of long-wavelength fluctuations (or, in reciprocal space, q ∼ 0 modes) in lowdimensional magnets, as discussed in Refs. [46] [47] [48] . As at 70 K no additional contributions to ∆H(α) apart from the one related to the low dimensionality was observed, we conclude that the shift of the resonance line above T c is not caused by inhomogeneities in the sample, for which we also did not find any signature in the structural characterizations of the crystals, see Appendix A. Thus, a continuous slowing down of the correlated FM dynamics of the Cr spins by approaching the ordering transition from above, as evidenced by the onset of a resonance shift and a gradual change in ∆H(α), demonstrates the intrinsically two-dimensional nature of the magnetism in Cr 2 Ge 2 Te 6 , even in bulk crystals. Moreover, the twodimensionality of magnetism as inferred from the analysis of static magnetization in the immediate vicinity of T c , see Refs. [19, 20, 23] , is found to be extended to much higher temperatures in the dynamic regime probed by ESR.
In addition to the frequency dependent studies of magnetic resonance signals in Cr 2 Ge 2 Te 6 and the angular dependence of the linewidth at low frequencies above T c we investigated the angular dependence of the resonance field H res (θ) at 7 K, i.e., deep in the FM phase, and at frequencies of 62.6 GHz and 125.2 GHz with a cantileverbased torque detected HF-ESR/HF-FMR setup. In this experiment the cantilever with the sample was rotated in the external magnetic field from H c (θ = 90
• ) to H ⊥ c (θ = 0
• ) directions. The obtained variations of the resonance position as a function of the angle θ between the vector of external magnetic field and the crystallographic ab plane and exemplary spectra are shown in Fig. 7 .
For both studied frequencies a similar sinusoidal behavior of H res (θ) was found: the maximal resonance field was observed when the magnetic field was aligned in the ab plane, while a minimal resonance position corresponds to the magnetic field oriented parallel to the c axis, which further supports a magnetic easy-axis scenario. Moreover, as the shift δH of H res from the paramagnetic value is governed by the magnetic anisotropy, angular dependent measurements allow a further independent determination of the anisotropy constants. Thus, the precision of the obtained value for the MAE could be increased by a combined evaluation of H res (ν) and H res (θ) data. For simulation of experimental data the same approach as for the frequency dependent measurements was employed, as described in Sec. III C. Numerical results are shown as solid lines in Fig. 7 (a) together with the measured H res (θ) dependences.
We note that the general qualitative behavior of the angular dependence of H res is consistent with the one found in the low-frequency FMR/ESR experiments at ν = 9.6 GHz at temperatures between 120 and 50 K (see Fig. 16 (a) in Appendix B). Unfortunately, with further lowering the temperature the FMR signal at 9.6 GHz corresponding to magnetic fields of about 0.35 T became more and more structured and finally acquired a very distorted shape which prevents a reliable analysis of the data (see Fig. 16 (b) in Appendix B). Most probably magnetic domains in the crystal are responsible for the observed distorted lineshapes at lower frequencies since magnetic fields required for full polarization of the magnetization in the sample are larger than the external field applied in this low-frequency magnetic resonance experiment (cf. Fig. 2 ). In contrast, measurements at much higher frequencies ν corresponding to the fields above the saturation field yielded well defined single or, in the case of some cantilever measurements, double line spectra without any distortions down to the lowest measured temperature of 4 K (Figs. 5 and 7) . Therefore, only HF-FMR data were used as the input for the simulations presented in the following section as the employed model is strictly applicable only for the case of the fully saturated magnetization.
C. Simulations and determination of the magnetic anisotropies
Simulation of the low-temperature frequency and angular dependences of the resonance field H res [ Fig. 5 (b) and Fig. 7 (a) ] with a phenomenological model of ferromagnetic resonance yields reliable quantitative information about the magnetic anisotropies of Cr 2 Ge 2 Te 6 . Within this well established approach (see, e.g., Refs. [39, 40, 49] ), the resonance frequency ν res is given by the following equation:
Here, g denotes the g-factor and M s represents the saturation magnetization of the sample, F is a free energy density, and θ and ϕ are the spherical coordinates of the magnetization vector M (M s , ϕ, θ). In order to calculate the resonance position for a given orientation of the sample in the external magnetic field and for a given microwave frequency Eq. (2) has to be evaluated at the equilibrium position (ϕ 0 , θ 0 ) of M . The latter is found via minimization of F with respect to θ and ϕ under the specific experimental conditions. In the present case, a complete description of our frequency and angular dependent HF-FMR data could be achieved taking into account a uniaxial magnetic anisotropy as well as shape anisotropies of the respective samples used for the measurements. The free energy density then reads
Here, the first term describes the Zeeman energy density of the sample in the external field H. The second term represents the uniaxial anisotropy characterized by the energy density K U . The last term denotes the shape anisotropy with N x , N y , N z being demagnetization factors [50, 51] . The specific values for the demagnetization factors of the two samples used for determination of K U are given in Table III of Appendix A together with the sample dimensions.
As can be seen in Figs. 5 (b) and 7 (a) it is possible to describe our HF-FMR results very well employing the model presented above. It should be noted that the fields used in the HF-FMR experiments are larger than the saturation fields of the magnetization H ab sat and H c sat determined from the M (H) curves in Sec. III A. This justifies the use of this model which is applicable in the saturated regime of a ferromagnet. We emphasize that the simulated curves for all data sets were obtained using the same values for K U and g. For the latter, we used the g-factors determined from HF-ESR data at 120 K as starting values for the simulations (see Sec. III B). These values were refined in order to achieve the best agreement between the simulated curves and the low temperature experimental data yielding at the end an isotropic g-factor of 2.040 ± 0.005, which is identical with the measured g || -factor.
For a complete description of all frequency and angular dependent HF-FMR data it was merely necessary to correctly account for the magnetic shape anisotropy which is determined by the particular geometry of the studied crystals. This was realized by calculating the proper demagnetization factors based on the measured dimensions of the crystals [50, 51] , see Appendix A. As a result a value for K U of (0.48 ± 0.02) × 10 6 erg/cm 3 was obtained which corresponds to an anisotropy energy of (0.250 ± 0.005) meV per unit cell Cr 6 Ge 6 Te 18 , comprising three formula units of Cr 2 Ge 2 Te 6 . The value of K U is positive, which ultimately proves the magnetic easy axis anisotropy of Cr 2 Ge 2 Te 6 , suggested by the magnetometry data, and other qualitative experimental observations. The magnetic anisotropy easy axis is collinear with the c axis, i.e., it is directed perpendicular to Cr 2 Ge 2 Te 6 layers. It is worth to mention that the obtained K U value is larger than the one previously reported in Ref. [17] . The difference is likely to be ascribed to the influence of the shape anisotropy which was not taken into account in Ref. [17] and a saturation magnetization of about 2.23 µ B /Cr reported by these authors. This value is lower than the theoretically expected one of 3 µ B /Cr which has been confirmed by our measurements, see Sec. III A. Indeed, simulations of our data without shape-anisotropy term in Eq. (3) yield a K U of (0.29 ± 0.03) × 10 6 erg/cm 3 which is closer to the value reported in Ref. [17] for low temperatures. However, for matching the simulation to the data it was necessary to adjust the g-factors for both samples individually. Moreover, the agreement between experimental data and simulations was worse as in the case of a proper treatment of the sample shape. Therefore, it is crucial to consider the shape anisotropy in order to obtain a correct value for the intrinsic uniaxial MAE which is, in turn, essential for the understanding of the salient details of the magnetic properties of Cr 2 Ge 2 Te 6 , in particular the origin of the easy axis type anisotropy.
D. DF calculations
The scalar-relativistic electronic structure of the title compound has been discussed in some detail already two decades ago in Ref. [52] . In particular, a gap of 0.06 eV was found in the mentioned calculation, separating the occupied majority-spin Cr-3d-t 2g states from the other, unoccupied Cr-3d states and ensuring an integer total spin moment of 3 µ B per Cr atom. The present scalarrelativistic GGA results confirm this picture of a ferromagnetic band insulator with a somewhat larger gap of 0.28 eV, Fig. 8 . However, if spin-orbit coupling is taken into account by switching to the full relativistic mode, the gap is almost closed, Fig. 9 . The remaining narrow gap of 0.03 eV is consistent with the experimental transport gap of 0.007 eV, measured below the ferromagnetic ordering temperature [11] .
The unusual reduction of the gap by spin-orbit coupling can be understood by analyzing the orbital character of the states in the vicinity of the Fermi level, see Figs. 9 and 10. The top of the valence band is dominated by Te-5p 3/2 states, while the bottom of the conduction band hosts a hybrid of Cr-3d, Te-5p, and Ge-4p states (the lat- ter are not shown) with contributions to the total density of states of 36%, 21%, and 27%, respectively. Being the heaviest element of the investigated compound, Te experiences the largest spin-orbit coupling. Its 5p states are split by about 0.8 eV, both in the free atom and in the pseudo-atom used for the construction of the valence basis for the title compound. Due to this splitting, the center of gravity of the Te-5p 3/2 states moves upward in energy by about 0.2 eV against the other atomic states, compared with the case without spin-orbit coupling. In the bulk compound, this is visible by a related shift of band weights, see Fig. 9 : Below -3 eV, Te-5p 1/2 and Te5p 3/2 states contribute almost the same weight to the DOS, while Te-5p 3/2 states clearly dominate at higher energies including the region close to the gap.
An interesting peculiarity is observed at the bottom of the conduction band, which is of almost pure (99%) minority-spin character, see Fig. 10 . Essential majority spin population sets in only about 100 meV above the conduction band minimum. The strong spin polarization at CBM is in qualitative agreement with results of earlier GGA+U calculations taking into account van der Waals interactions [24] and also with similar recent calculations for a few-layer Cr 2 Ge 2 Te 6 system [25] . Different from those scalar-relativistic calculations we find that the top of the valence band is strongly spin-mixed by the strong spin-orbit interaction within the Te-5p shell and that the CBM hosts minority-spin bands.
We note that the steep van-Hove singularity at the conduction band bottom indicates a quasi two-dimensional band. As mentioned above, this band is composed of orbitals from all constituents of the system. Thus, it can be considered to host quasi-homogeneous states. Occupation of these states with charge carriers will result in an almost completely spin-polarized, quasi two-dimensional, and quasi-homogeneous electron gas.
While the narrow experimental transport gap is reasonably well described by the full relativistic GGA data, the magnetocrystalline anisotropy (MA) turns out to be of easy-plane type in this approach, at variance with the easy-axis MA found in experiment, see Fig. 12 . For this reason, further calculations were performed relying on the GGA+U method. Depending on the specific value of U , the occupied and the unoccupied Cr-3d bands are shifted further away from each other, compare Figs. 8 and 11. This changes the relative positions of spinpolarized Cr-3d states and spin-orbit split Te-5p states. As a result, the MA strongly depends on the chosen value of U . At about U ≈ 2 eV, a reasonable value for Cr3d states in a narrow-gap system, the calculated MAE meets the measured value. However, the calculated gap of about 0.15 eV at U = 2 eV is more than an order of magnitude larger than the experimental transport gap.
A similarly strong dependence δ MAE/δU of about 3 × 10 −4 /f.u. (see Fig. 12 ) was reported for the title compound by C. Gong et al. recently (cf. Extended Data Figure 8 of Ref. [14] ). Those authors found a transition from easy-plane to easy-axis MA at U = 0.2 eV, to be compared with our value of 1.75 eV. This offset can be understood by the fact that the authors of Ref. [14] used in their GGA+U calculation only the Slater integral F 0 = U , while we included two further Slater integrals via J = (F 2 + F 4 )/14 which, first, tends to reduce the effect of U and, second, introduces anisotropic contributions to the correlation.
An additional contribution to the intrinsic magnetic anisotropy energy is due to the magnetic dipole interaction. The latter is known to be responsible for the magnetic shape anisotropy. Less known is that it also accounts for an intrinsic (bulk) contribution [54] which is usually very small [55] . In layered materials, it may however provide larger contributions as has been demonstrated for the title compound recently [53] . We included the additional term in Fig. 10 as a constant shift, as it only depends on the size of the atomic moments and on the structure, both being not very sensitive to the value of U .
It should be noted, that the polarized quasi twodimensional band at the conduction band bottom is robust with respect to changing the direction of magnetization and also with respect to the application of U up to 2 eV. For this value of U and easy-axis orientation of the magnetic moment, its distance from the lowest majority-spin conduction band is reduced to 60 meV as compared to 100 meV in the GGA calculation with magnetic moment oriented along [100]. If U is increased beyond 2 eV, the minority Cr-3d states are shifted further toward higher energies. At U ≈ 2.3 eV, the character of CBM switches to majority spin. While the CBM is still almost completely spin polarized (with the exception of the switching value of U ), it is no longer quasi-2D.
IV. CONCLUSIONS
In conclusion, the spin dynamics and magnetic anisotropy of the bulk form of the 2D van der Waals ferromagnet Cr 2 Ge 2 Te 6 was investigated in detail by means of high-field ESR and FMR spectroscopies, magnetization measurements, and density functional calculations. Magnetic resonance data evidence a gradual onset of the ferromagnetic correlations at temperatures well above the magnetic phase transition which continuously grow and slow down by approaching the T c . Such a pronounced correlated spin dynamics appears to be a characteristic feature of the two-dimensional magnetism of Cr 2 Ge 2 Te 6 . Both static and dynamic experimental methods directly evidence the easy-axis-type nature of the total magnetic anisotropy, including magnetocrystalline and shape anisotropy, in line with previous studies [11, 17, 19, 20] . Simulations of the HF-FMR experiments as a function of microwave frequency and angle of the magnetic field with respect to the sample yield a MAE K U of (0.48 ± 0.02) × 10 6 erg/cm 3 , explicitly taking into account the shape of individual crystals. Thus, the obtained value represents an accurate magnitude of the intrinsic magnetocrystalline anisotropy energy density as compared to the value reported in Ref. [17] where the shape anisotropy apparently was not taken into account. Comparing the MAE obtained from phenomenological simulations of experimental data with DF calculations employing the GGA+U method, we find a good agreement with the theoretical MAE for U = 2 eV. However, the gap calculated at this particular U value differs from experimental observation. Analysis of the electronic structure indicates the presence of quasi two-dimensional states at the bottom of the conduction band. Upon electron doping [25] , these states may host a quasi-homogeneous, almost completely spin-polarized electron gas. cates a homogeneous chemical composition of the sample and its purity. Nevertheless, some spots of different contrast can also be seen on the sample surface. If compared to the SEM(SE) image ( Fig. 13(a) ), those spots are also showing a height contrast. They originate from dust and dirt particles on the sample surface and are not obtained due to a secondary phase in the sample.
DC magnetization measurements were carried out on a 4 mm × 3 mm × 2 µm crystal. For the correction of the sample magnetic moment an equivalent surface area square film sample with a side length of 3.3 mm and thickness of 2 µm was assumed. The correction factors for this sample were obtained based on the experimental data on a squared nickel film presented in Ref. [28] . To extract correction factors for the assumed side length of 3.3 mm the data on the squared nickel film for the same vibration amplitude (2 mm) was fitted by exponential functions yielding a good agreement between fit and experi- . From these functions the factors of 1.157 (±0.031) for H c and 1.024 (±0.011) for H ⊥ c for the overestimation of the measured moment by the experimental setup were extracted. The measured moments were then divided by those factors to account for the non point-like dipole sample shape. As an example for the effect of this correction, Fig. 14 shows the uncorrected and corrected magnetization as function of field at 4 K close to and in the saturation magnetization regime of Cr 2 Ge 2 Te 6 . It is clearly visible that without this correction two different values of saturation magnetization for the different field directions are obtained. After correction, the difference in satura- tion magnetization for the different field directions vanishes. The strongly different values of saturation magnetization for the uncorrected case would indicate either a strongly anisotropic g-factor or an unusual interplay with a secondary magnetic phase. We can rule out both scenarios for the Cr 2 Ge 2 Te 6 sample by our ESR and structural (PXRD and SEM-EDX) investigations. In fact, the isotropic saturation magnetization after the correction is in good agreement with the nearly isotropic g-factors obtained by ESR. Furthermore, the correction leads to a saturation moment close to 3 µ B /Cr, which is the expected moment for Cr 3+ with S = 3/2 and g ∼ 2 and is in good agreement with literature [11, 12, 19, 23] . We note that the use of the correction factors yield the theoretically expected results which can be understood as a positive self-consistency check of the applied correction method.
Cantilever-based FMR measurements were carried out on a small crystal (CL sample) mounted on the cantilever as shown in Fig. 15 . Compared to this sample, the crystal employed in the main part of the X-band (9.6 GHz) and HF-ESR measurements (HF sample) was much larger and was chosen in order to increase the signal intensity (note that the ESR intensity is proportional to the number of spins in the sample). For an evaluation of demagnetization factors, lengths of the sample edges were measured from which the dimensions l, w, and h of an equivalent cuboid with volume l × w × h were determined. The resulting dimensions are given in Table III for both samples together with the respective demagnetization factors calculated based on the equivalent-ellipsoid method [50, 51] . Uncertainty in measurements of the sample dimensions caused uncertainties in the calculated demagnetization factors which did not exceed 9%. Note that deviations of the real sample shape from the approximated cuboid are small compared to the differences between the lateral dimensions l and w and the sample thickness h. In addition to the experimental data presented in Sec. III B of the main text angular dependence of the resonance field H res (θ) was studied at a microwave frequency of 9.6 GHz at several selected temperatures. Resonance shifts δH obtained from these measurements are summarized in Fig. 16 (a) . At 120 K only a weak anisotropy, as reflected in the angular dependence of the resonance shift, was observed. Upon decrease of temperature the anisotropy increases due to the growth of FM correlations. Below 50 K such an analysis of the anisotropy is hampered by a strong distortion of the line, as is illustrated by exemplary spectra in Fig. 16 (b) . As discussed in the main text, such a distortion is most probably related to magnetic domains likely to be still present at small fields used in this experiment. Consequently, the resonance shift cannot be determined unambiguously at low frequencies below 50 K. 
